Recognition and Integration of Multiple Environmental Signals by the Bacterial Sensor Kinase PhoQ  by Gunn, John S. & Richards, Susan M.
Cell Host & Microbe
PreviewsRecognition and Integration
of Multiple Environmental Signals
by the Bacterial Sensor Kinase PhoQ
John S. Gunn1,2,3,* and Susan M. Richards1,2,3
1Center for Microbial Interface Biology
2Department of Molecular Virology, Immunology and Medical Genetics
3Department of Internal Medicine, Division of Infectious Diseases
The Ohio State University, Columbus, OH 43210, USA
*Correspondence: gunn.43@osu.edu
DOI 10.1016/j.chom.2007.05.001
Two-component regulatory systems are commonly used by bacteria to sense and respond to their
environment. InMolecular Cell, Prost et al. describe how lowpHactivates theSalmonellaPhoQ sensor
kinase, building on their previous demonstration that the PhoQ periplasmic domain senses magne-
sium and antimicrobial peptides. These findings are likely to be broadly applicable for understanding
howbacteria recognize and transduce themultiple signals characteristic of their complex extracellular
environments.Bacteria must constantly sense and
respond to the extracellular milieu in
order to survive in vivo or in other
niches. Much of this environmental
sensing is accomplished via two-
component regulatory systems. In
Gram-negativebacteria, thesesystems
usually consist of an inner membrane
sensor kinase and a cognate DNA-
binding response regulator. Activation
typically occurs via a phosphorylation
cascade, in which a specific signal
causes sensor kinase autophosphory-
lation at a conserved His residue fol-
lowed by transfer of this phosphate to
a conserved Asp residue in its paired
response regulator. Phosphorylation
of the response regulator modifies
(typically increasing) its affinity toward
regulated promoters. Thus, the bacte-
rium is able to alter gene expression
in response to its microenvironment.
Bacterial periplasmic-sensing histi-
dine kinases can have varied struc-
tures, especiallywithin their periplasmic
domains. Such sensors recognize a
wide variety of conditions/molecules,
including osmolarity, O2 tension, ions,
pH, and periplasmic binding proteins,
which directly interact with the signal
prior to interacting with the sensor
kinase. The Salmonella spp. sensor
kinase PhoQ (of the PhoPQ two-
component system) is a member of a
group of periplasmic-sensing histidine
kinases with a single short periplasmicregion (145 amino acid residues in
PhoQ) located between two trans-
membrane regions. The PhoPQ regu-
latory system is required for survival
of Salmonella in host macrophages
and for virulence in humans (Groisman
et al., 1989; Hohmann et al., 1996;
Miller et al., 1989). PhoPQ can be
activated in vivo upon transit through
the vertebrate intestine (Merighi et al.,
2005). This system is also clearly
activated in macrophage phagosomes
(Alpuche-Aranda et al., 1992). Inside
host phagosomes, bacteria are ex-
posed to a variety of toxic factors,
both oxygen dependent and oxygen
independent, including cationic anti-
microbial peptides (CAMPs) and an
acidified environment.
In vitro, PhoPQ is repressed in
medium containing 5 mM or greater
divalent cations (Mg2+, Ca2+, Mn2+)
and activated in low micromolar con-
centrations of these cations (Garcia-
Vescovi et al., 1996). Though part of
the PhoPQ response to low Mg2+
is the induction of high-affinity Mg2+
transporters, suggesting a role in
Mg2+ scavenging, it has recently
been reported that the Mg2+ content
inside Salmonella containing vacuoles
is 1 mM, a repressing concentration
(Martin-Orozco et al., 2006). Sublethal
concentrations of CAMPs also acti-
vate PhoPQ and can do so even in
repressing concentrations of Mg2+Cell Host & Micro(Bader et al., 2005). The third activat-
ing signal for PhoPQ has been more
controversial, with several reports de-
monstrating activation at acidic pH
of 5.5 (Alpuche-Aranda et al., 1992;
Bearson et al., 1998), while others
show no such activation (Garcia-
Vescovi et al., 1996).
Recently, Bader et al. (2005) pub-
lished seminal work describing the
interaction of the PhoQ periplasmic
domain with CAMPs and with Mg2+.
Structural analysis identified an acidic
patch in the PhoQ periplasmic domain
that is membrane facing and appears
to tether the domain to the membrane
phospholipids via cation (Mg2+, Ca2+)
bridges. CAMPs can displace these
cations and were shown to interact
with the same acidic patch residues
as Mg2+. Paradoxically, CAMP binding
to this domain appears to cause the
same structural alterations in the peri-
plasmic domain as Mg2+, but CAMP
binding is an activating signal, while
Mg2+ binding is a repressing signal.
Nevertheless, it is clear from this work
that molecules affecting the activation
state of PhoQ bind the periplasmic
domain and result in conformational
changes in the sensory domain.
With respect to the controversial pH
sensing by PhoQ, Prost et al. now
clearly demonstrate that PhoP-depen-
dent gene expression increases with
decreasing pH (Prost et al., 2007).be 1, May 2007 ª2007 Elsevier Inc. 163
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PreviewsFigure 1. Salmonella PhoQ Undergoes Conformational Changes in Response to Magnesium, CAMPs, and pH
The sensor kinase PhoQ consists of a periplasmic sensor domain (above membrane), a transmembrane region (blue), and a cytoplasmic domain
(below membrane). PhoQ forms a dimer in the Salmonella inner membrane, and the periplasmic domain senses environmental signals and triggers
PhoQ autophosphorylation, PhoP phosphorylation, and gene regulation upon activation.
(A) PhoQ is repressed by high concentrations of magnesium (Mg2+) (left) and activated in response to low Mg2+ (right). Mg2+ binds to a membrane-
facing acidic patch of the PhoQ sensor domain (shaded black).
(B) Cationic antimicrobial peptides (CAMPs; yellow) also bind to this acidic patch of PhoQ and can displace Mg2+ to activate PhoQ.
(C) PhoQ can also sense pH and becomes activated under acidic conditions (right) through amechanism involving the His157 residue. PhoQ takes on
different conformations in response to its signals (note the different shapes of the periplasmic domains). Interestingly, Mg2+ and CAMP binding (one
signal repressing and one activating) appear to trigger the same PhoQ sensor domain conformation. It is likely that the various periplasmic domain
structural alterations observed under activating conditions all result in cytoplasmic domain structural changes that allow for autophosphorylation.This activation is independent of the
Mg2+ concentration in the medium,
though Mg2+ still has some repressing
effects at high concentrations (10
mM). With purified PhoQ reconstituted
into membrane vesicles, a decrease in
intraluminal pH resulted in increased
phosphorylation of PhoP, demonstrat-
ing an appropriate functional response
to decreased pH. Furthermore, the
authors showed thatCAMPsand acidic
pH activate the PhoPQ system in an
additive fashion.
NMR analysis of the periplasmic
domain showed conformational shifts
that were maximal at pH 5.5, the pH
at which acid-responsive PhoP-regu-
lated gene activation is also maximal.
To ensure that this effect was not
merely due to the protonation of car-164 Cell Host & Microbe 1, May 2007 ª2boxylate groups in the acidic patch
resulting in the loss of Mg2+ and hence
activation, the sensor domain confor-
mation was examined at pH 5.5 with
the addition of high concentrations of
Mg2+. Under these conditions, the
Mg2+ further altered the conformation,
suggesting that different sites within
the periplasmic domain are responsi-
ble for sensing Mg2+ and pH.
Mutational analysis supported the
possibility that a His residue (His157)
buried in the structural core of the
periplasmic domain is involved in envi-
ronmental sensing, as His mutants are
blind to repression by high concentra-
tions of Mg2+. However, the authors
show that the importance of this amino
acid is not likely a result of His pro-
tonation. In addition, the His mutant007 Elsevier Inc.sensor domains exist in a similar con-
formation to that observed at low pH,
demonstrating the structural role of
this His residue (and likely its local
interacting amino acid network) in pH
sensing as well as in divalent cation-
mediated repression.
While the exact mechanism of pH
sensing by PhoQ was not identified,
this work provides important informa-
tion concerning integration of environ-
mental signals by PhoQ. The authors
demonstrate that PhoQ sensing of
CAMPs, Mg2+, and pH results in indi-
vidual but somewhat overlapping
effects on activation of PhoPQ- and
PhoP-controlled genes (Figure 1).
Much like PhoQ, the Salmonella sen-
sor kinase PmrB (of the PmrAB two-
component system) responds to acidic
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2007). Mutation of conserved His and
Glu residues in the periplasmic domain
dramatically reduced the response of
PmrB to low pH. It was suggested
that this effect may be due to proton-
ation, but these residues may be play-
ing a structural role akin to the His157
in PhoQ. In addition, the model of
multiple signal recognition uncovered
by Prost et al. is likely not unique to
Salmonella. Ellermeier and Losick have
identified a membrane-bound pro-
tease in Bacillus that appears to act
as a sensor of antimicrobial peptides
and membrane stress through an
extracytoplasmic patch of acidic resi-
dues (Ellermeier and Losick, 2006).
The key results of Prost et al. provide
new insights into bacterial environ-
mental sensing and gene regulation.Future work should be aimed at deter-
mining how signal recognition and
subsequent conformational changes
result in sensor kinase autophosphor-
ylation. This valuable information may
lead to the development of novel
vaccines and therapies for diseases
caused by many microbial pathogens.
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